Innate lymphoid cells (ILCs), a recently identified heterogeneous cell population, are critical in orchestrating immunity and inflammation in the intestine but whether ILCs can influence immune responses or tissue homeostasis at other mucosal sites remains poorly characterized. Here we identify a population of lung-resident ILCs in mice and humans that expressed CD90, CD25, CD127 and T1-ST2. Strikingly, mouse ILCs accumulated in the lung following influenza virus infection and depletion of ILCs resulted in loss of airway epithelial integrity, decreased lung function and impaired airway remodeling. These defects could be restored by administration of the lung ILC product amphiregulin. Collectively, these results demonstrate a critical role for lung ILCs in restoring airway epithelial integrity and tissue homeostasis following influenza virus infection.
Introduction
Maintenance of epithelial barrier function at mucosal sites such as the intestine and respiratory tract is critical to limit exposure to environmental stimuli, commensal bacteria and invading pathogens [1] [2] [3] . Recent studies have highlighted multiple roles for innate lymphoid cells (ILCs) in regulating immunity and/or inflammation at the intestinal barrier 4, 5 . ILCs are a diverse family of immune cells that are heterogeneous in their tissue location, cytokine production and effector functions 4, 5 . Although the lineage relationships between these heterogeneous ILC populations remain poorly understood, they are hypothesized to originate from a common Id2-dependent progenitor cell 4, 6 . Based on their differential expression of RORγt, mouse ILCs can be functionally divided into at least two populations. RORγt-positive ILCs include CD4 + lymphoid tissue inducer (LTi) cells, NKp46 + ILCs and a population of CD4 − NKp46 − ILCs, all of which express interleukin 17A (IL-17A) and/or IL-22 and can promote intestinal immunity and/or inflammation 4, [7] [8] [9] [10] . A second group of RORγt-negative ILCs express the T H 2 cell-associated cytokines IL-4, IL-5 and IL-13, and are composed of nuocytes, natural helper cells (NHCs), innate helper type 2 cells (Ih2) and multi-potent progenitor type 2 cells (MPP type2 ). These cells are activated in response to the epithelial cell-derived cytokines IL-25 and/or IL-33 and can promote T H 2 cytokine-dependent protective immunity against helminth parasites [11] [12] [13] [14] .
Although these phenotypically distinct ILC populations have been identified in intestinal and lymphoid tissue compartments of mice, whether ILCs are present at barrier surfaces in humans and whether they influence immune responses or tissue homeostasis at extraintestinal sites remains unclear. Recent work has identified a population of ILCs in the lungs of mice that resembled NHCs and nuocytes in phenotype and cytokine expression profile 15 . Following exposure to high-dose H3N1 influenza virus, these lung ILCs promoted airway hyperreactivity early following infection via an IL-13-dependent mechanism. However, the potential influence of lung ILCs on other aspects of immunity, inflammation or tissue repair and remodeling in the respiratory tract remains unknown.
The repair and remodeling of damaged or inflamed tissue is a complex process involving many factors, including cytokines, chemokines, growth factors and extracellular matrix proteins that restore tissue homeostasis after injury 16, 17 . Tissue remodeling following acute injury requires a balance between promoting beneficial repair responses that drive cell proliferation while also acting to limit these responses once the tissue has been adequately remodeled 16, 17 . Failure to either appropriately initiate or resolve these repair responses can have detrimental effects, including loss of tissue integrity or function and promotion of chronic inflammation or tissue fibrosis 16, 17 . The cellular and molecular regulators of tissue remodeling following injury or infection at mucosal tissues such as the lung are not well understood.
In this study, we employ infection with the H1N1 PR8 strain of influenza virus and identify a previously unrecognized role for ILCs in promoting restoration of tissue homeostasis in the lung. In mice, lung-resident ILCs were Lin − and expressed cell surface markers associated with NHC populations, including CD90, CD25, CD127 and T1-ST2 and produced IL-5 and IL-13 in response to IL-33 stimulation. An analogous population of Lin − lung ILCs was also present in bronchoalveolar lavage fluid and lung parenchyma of humans. ILCs accumulated in the lung of wild-type (WT) or Rag1 −/− mice following experimental influenza virus infection and depletion of CD90 + ILCs or blockade of IL-33-IL-33R signaling in influenza virus-infected mice resulted in severely decreased lung function, loss of airway epithelial integrity and impaired respiratory tissue remodeling. Genome-wide transcriptional profiling of lung ILCs identified a strong enrichment for genes that regulate wound-healing processes, including the epidermal growth factor family member amphiregulin. Amphiregulin restored lung function and promoted tissue remodeling in ILCdepleted influenza virus-infected mice. Collectively, these data identify the presence of ILCs in the lung of both humans and mice and demonstrate a crucial role for murine lung ILCs in regulating airway epithelial integrity and orchestrating pulmonary tissue homeostasis following experimental influenza virus infection.
Results

Lung-resident ILCs resemble natural helper cells
To examine whether ILCs are present at extra-intestinal mucosal sites, we performed flow cytometric analysis of cells isolated from the lung tissues of naive wild-type C57BL/6 or Rag1 −/− mice. We identified a population of lineage negative (Lin − ) cells that lacked expression of lineage markers associated with T cells (CD3, CD5, TCRβ, CD27), B cells (B220), macrophages (CD11b), dendritic cells (CD11c) or NK cells (NK1.1). These Lin − cells expressed CD90 (Thy1), CD25 (IL-2Rα) and CD127 (IL-7Rα) (Fig. 1a) , a pattern of surface marker expression consistent with ILCs 4, 5 . Further examination of these Lin − CD90 + CD25 + lung ILCs revealed a lack of expression of either CD4 or NKp46 (Fig. 1b) , thus distinguishing lung-resident ILCs from conventional CD4 + LTi cells or NKp46 + ILCs 4 . However, lung ILCs did express the activation markers CD44 and ICOS as well as Sca-1 and c-kit (Fig. 1b) , similar to the phenotype of nuocytes and NHCs 12, 13 . Furthermore, CD90 + CD25 + lung ILCs expressed the IL-33R subunit T1-ST2 (Fig. 1b) . This Lin − population of ILCs was a relatively rare population, totaling 2-3 ×10 4 cells in naïve mice, representing 0.4-1% of total live cells in the lung (Fig. 1c) . Collectively, these data indicate that lung-resident ILCs most closely resemble nuocytes and NHCs, which were originally reported to be present in secondary lymphoid tissue and fat-associated lymphoid clusters (FALCs) 12, 13 .
Recent studies demonstrated that nuocytes and NHCs can be activated by IL-33 alone or in combination with IL-7 to produce IL-5 and IL-13 (refs. 12, 13 ). While stimulation of sortpurified CD90 + CD25 + T1-ST2 + lung ILCs with IL-2 and IL-7 had no apparent effect on IL-5 or IL-13 cytokine secretion, the addition of IL-33 resulted in elevated production of both IL-5 and IL-13 ( Fig. 1d,e) . Unlike CD4 + splenic LTi cells (Fig. 1f) or NKp46 + ILCs 7-9 , CD90 + CD25 + lung ILCs expressed minimal IL-22 or IL-17A in response to IL-23 stimulation (Fig. 1f,g ). Consistent with in vitro IL-33 stimulation, administration of recombinant (r)IL-33 in vivo resulted in an elevated frequency of lung-resident ILCs that produced the T H 2 cell-associated cytokines IL-5 and IL-13, but not the T H 1 cell-associated cytokine interferon-γ (IFN-γ) (Fig. 1h) . Taken together, these results indicate that ILCs in the respiratory tract share a cell surface phenotype and cytokine profile that most closely resembles nuocytes and NHCs.
Lung ILC development requires Id2 but not commensals
Members of the ILC family including LTi cells, NKp46 + ILCs and NHCs share a developmental requirement for the transcriptional regulator Id2 (refs. 12, [18] [19] [20] . To examine the influence of Id2 on the development of lung-resident ILCs, expression of Id2 was examined in sort-purified lung CD90 + CD25 + ILCs. Quantitative analysis of Id2 mRNA expression revealed comparable abundance of Id2 mRNA in lung-resident ILCs and conventional splenic CD4 + LTi cells (Fig. 2a) , a population known to be Id2-dependent [18] [19] [20] . Consistent with a developmental requirement for Id2, lung resident CD90 + CD25 + ILCs were not detectable in chimeric mice deficient in Id2 ( fig. 2b) , thereby developmentally linking this cell population to the Id2-dependent ILC family.
Based on their expression of the transcription factor RORγt, ILCs can be divided into two populations, one of which is critically dependent on RORγt for development (LTi cells, NKp46 + ILCs) and the other group which is RORγt-independent (nuocytes, NHCs) 4 . Compared to splenic LTi cells, lung ILCs did not express abundant RORγt (Rorc) mRNA (Fig. 2c) or protein (Fig. 2d) , providing further evidence that lung ILCs are more closely related to nuocytes and NHCs than LTi or NKp46 + ILC populations.
Signals derived from commensal bacterial communities have also been implicated in the development and/or activation of several ILC subsets 9, 21, 22 . To test whether live commensal bacterial-derived signals influenced the development of lung-resident ILCs, we examined ILCs in the lungs of conventional (CNV) or germ-free (GF) C57BL/6 mice. CNV and GF mice had similar frequencies, total numbers, and surface phenotype of lung ILCs (Fig. 2e,f) , indicating that development of lung ILCs is dependent on Id2 but independent of signals derived from live commensal bacteria.
ILCs are present in human lung and airways
Recent studies have described heterogeneous populations of LTi-like cells and NKp46 + cells that express IL-17A and/or IL-22 located in human lymphoid tonsil and Peyer's patch tissues [23] [24] [25] [26] [27] . However, whether human ILC populations exist at other barrier surfaces such as the respiratory tract and what surface markers they express has not been examined. Similar to findings in mice, we identified a Lin − population of cells in healthy human lung parenchymal tissue that lacked expression of markers for T cells (CD3, TCRαβ), dendritic cells (CD11c), NK cells (CD56), macrophages (CD11b) or B cells (CD19), but that expressed CD127 (IL-7Rα) (Fig. 3a) . The Lin − CD127 + ILC population in the lung parenchyma expressed CD25 (IL-2Rα) and the IL-33R subunit ST2 (Fig. 3b) , consistent with the cell surface phenotype of the lung-resident ILC population found in mouse lung (Fig. 1a,b) and previously identified murine nuocytes and NHCs 12, 13 . To determine if an analogous ILC population exists in the airway, we examined bronchoalveolar lavage (BAL) fluid from lung transplant recipients. Similar to the population of ILCs found in lung parenchyma, we identified a Lin − CD127 + ILC population that also expressed CD25 and ST2 in BAL fluid from 7 of 9 lung transplant recipients examined (Fig. 3c,d ). Thus, these data provide evidence of NHC-and nuocyte-like ILC populations in human respiratory tissue.
Influenza virus induces ILC responses in the lung
ILCs have been shown to mediate anti-bacterial or anti-helminth immunity in the intestine 7, 9, [11] [12] [13] [14] ; however, the functional significance of ILCs in regulating immunity and/or inflammation in the lung is not well understood. To investigate whether lung ILCs can influence immunity, inflammation or tissue homeostasis in the lung, we utilized a model of respiratory infection with mouse-adapted H1N1 influenza virus A/Puerto Rico/8/34 (PR8). In response to intranasal PR8 infection, CD90 + CD25 + ILCs accumulated in the lung parenchyma in both wild-type C57BL/6 and Rag1 −/− mice (Fig. 4a,b) . Wild-type mice control viral replication and recover following infection with this dose of PR8 (0.5 LD 50 or ~300 TCID 50 ) and although Rag1 −/− mice are unable to clear infection and eventually succumb within 12-14 days, the early ILC response and pathologic consequences of infection, including the decline in lung function and lung immunopathology, were similar in immunocompetent and immunodeficient hosts ( Supplementary Fig. 1 ). Taken together, these data demonstrate that ILCs respond to influenza virus infection in the lung in the presence or absence of the adaptive immune system, suggesting a potential role for lung ILCs in regulating innate immunity, inflammation and/or tissue homeostasis in the lung.
ILC depletion impairs lung function and tissue repair
While both cellular and humoral arms of the adaptive immune system have been shown to be crucial for immunity to respiratory viruses, the influence of innate cell populations on anti-viral immunity in the lung remains poorly understood 28 . To examine the influence of lung ILCs on innate immunity to influenza virus, isotype or anti-CD90.2 depleting monoclonal antibodies (mAb) were administered in vivo to PR8-infected Rag1 −/− mice. As some NK cells can also express CD90.2 upon activation, an additional group of mice was treated with anti-NK1.1 mAb to allow direct comparison of anti-CD90.2-mediated depletion of ILCs versus anti-NK1.1-mediated depletion of NK cells. Administration of anti-CD90.2 antibody effectively depleted the CD90 + CD25 + population of ILCs in the lung (Fig. 4c) . Depletion of CD90.2 + ILCs or NK1.1 + NK cells did not affect viral loads in the lung compared to isotype treated mice (Fig. 4d) , suggesting that neither NK cells nor ILCs directly contribute to innate control of viral replication. However, mice that received anti-CD90.2 mAb exhibited a substantially lower mean body temperature at day 10 post infection (p.i.) (Fig. 4e) , indicating exaggerated thermo-dysregulation and morbidity in the absence of CD90.2 + ILCs. Additionally, although neutrophil populations were unaffected by anti-NK1.1 or anti-CD90.2 treatment, eosinophilia was reduced in the BAL fluid of anti-CD90.2-treated mice, likely as a result of reduced IL-5 concentrations in the absence of ILCs (Supplementary fig. 2a,b) . Strikingly, depletion of CD90.2 + ILCs resulted in significantly decreased lung function as measured by pulse oximetry (Pulse Ox), reaching average blood oxygen saturation levels below 54% in anti-CD90.2 treated mice at day 9 p.i. compared to 76% in isotype-treated controls (Fig. 4f) . Furthermore, depletion of CD90.2 + ILCs significantly impaired epithelial integrity, as measured by increased total protein concentration in the BAL fluid compared to isotype or anti-NK1.1 treated mice (Fig. 4g) . Influenza is a cytopathic virus that replicates preferentially in airway epithelial cells and causes severe acute injury to the respiratory epithelium 28 . Although isotype-treated or NK cell-depleted Rag1 −/− mice eventually succumb to infection between day 13-14 due to the absence of an adaptive immune response (data not shown), they generated hyperplastic epithelial and goblet cell responses essential for repair of the damaged airway epithelial barrier (Fig. 4h,i) . In contrast to isotype or anti-NK1.1 mAb treatment, depletion of CD90.2 + ILCs resulted in an impaired ability to generate hyperplastic epithelial cell responses (Fig. 4j ) and led to substantial epithelial degeneration and necrosis (black arrows), including in many cases the complete sloughing of the bronchiolar epithelial lining (Fig. 4j,k) . This epithelial necrosis was unlikely to be due to anti-CD90.2 mAb treatment affecting the epithelia directly, as bronchioles in anti-CD90.2 mAb-treated naïve mice had normal epithelial cell lining (Fig. 4l ) similar to untreated naïve mice (Fig. 4m) . Collectively, these observations indicate a critical role for CD90.2 + ILCs in promoting airway epithelial integrity and restoring tissue homeostasis in the lung following acute viral infection.
Lung ILCs are sufficient to restore airway integrity
CD90 is expressed on a number of hematopoietic and non-hematopoietic cell lineages 29 . To address the specificity of the anti-CD90.2-mediated depletion of ILCs, we examined CD90 expression on multiple innate immune cell subsets in the lung. Flow cytometric analysis of macrophages, dendritic cells, neutrophils and eosinophils revealed that these cell subsets lacked expression of CD90.2, suggesting that the anti-CD90.2 mAb was unlikely to have a direct effect on these cell populations (Supplementary fig. 3 ). To directly test whether lungresident ILCs were the cell population responsible for promoting tissue remodeling following influenza virus infection, we performed adoptive transfer experiments of congenically disparate CD90.1 + lung ILCs into PR8-infected, anti-CD90.2-depleted Rag1 −/− mice. This system allowed for the selective depletion of endogenous CD90.2 + ILCs while leaving the transferred population of CD90.1 + lung ILCs unaffected. Analysis of lung tissue by flow cytometry at 10 days p.i. indicated that while anti-CD90.2 mAb effectively abolished host CD90.2 + ILC responses in treated mice (Fig. 5a ), a population of donor CD90.1 + ILCs could be detected (Fig. 5b ). CD90.2-depleted mice receiving transferred CD90.1 + ILCs exhibited higher mean body temperature at day 10 p.i. compared to mice receiving anti-CD90.2 mAb alone, suggesting that adoptively transferred ILCs can ameliorate influenza-virus induced morbidity (Fig. 5c ). Additionally, analysis of blood oxygen saturation levels revealed that delivery of CD90.1 + lung ILCs effectively restored lung function to levels equivalent to isotype-treated mice (Fig. 5d ). Similar to isotypetreated controls (Fig 5e) , anti-CD90.2 treated mice receiving CD90.1 + ILCs exhibited regions of epithelial proliferation within the bronchioles (Fig. 5g , black arrows) indicative of a beneficial tissue remodeling response, which was largely absent in mice receiving anti-CD90.2 treatment alone ( Fig. 5f , gray arrows). Collectively, these data provide evidence that the lung ILC population, not another CD90-expressing cell type, was critical for promoting respiratory tissue remodeling following influenza virus infection.
IL-33-IL-33R signaling is critical for lung ILC responses
Given the ability of lung ILCs to respond to IL-33 stimulation (Fig. 1e,h ) and previous studies demonstrating that IL-33 is upregulated in the lung during influenza virus infection 15, 30 , we sought to test whether IL-33-IL-33R signaling was required for ILCdependent maintenance of airway epithelial integrity. Anti-IL-33R (anti-T1-ST2) mAb or PBS was administered to wild-type mice following influenza virus infection. Blockade of IL-33-IL-33R signaling resulted in a significant decrease in both frequency and total cell number of CD90 + CD25 + ILCs in the lungs of anti-IL-33R treated mice compared to PBS treated controls (Fig. 5h-j) . Additionally, lung function was severely impaired, with blood oxygen saturation levels reaching 68% in anti-IL-33R treated mice compared to 79% in PBS treated controls (Fig. 5k) . Histological examination of lung parenchyma revealed regions of epithelial cell necrosis and bronchial degeneration within the airways of anti-IL-33R treated mice at day 10 p.i. (Fig. 5l,m) , indicative of severe damage to the airway epithelial barrier similar to the results observed when ILCs were depleted with anti-CD90.2 mAb ( fig. 4j ). Taken together, these results confirm the ILC depletion studies and further demonstrate that a treatment that severely impairs lung ILCs can compromise tissue repair and lung function in wild-type mice.
ILC-mediated repair is independent of IL-13 and IL-22
Previous studies demonstrated that IL-13 can promote epithelial cell and goblet cell proliferation as well as epithelial mucin production in the context of airway inflammation and fibrosis 16, 31, 32 . To test the hypothesis that ILC-derived IL-13 may be required to promote tissue homeostasis following influenza virus infection, rIL-13 was administered to anti-CD90.2-treated Rag1 −/− mice. Although IL-13 protein could be detected in BAL fluid ( Supplementary Fig. 4a ) and goblet cell hyperplasia was observed in the bronchioles of rIL-13-treated animals confirming biological activity of the rIL-13 cytokine in the lung ( Supplementary Fig. 4b , black arrows), anti-CD90.2-depleted mice receiving rIL-13 had severely decreased blood oxygen saturation levels similar to mice receiving anti-CD90.2 mAb alone (59% compared to 62%, respectively) ( Supplementary Fig. 4c ). Furthermore, mice receiving anti-CD90.2 alone or in combination with rIL-13 suffered severe influenzainduced morbidity, succumbing to infection four days earlier than isotype-treated mice (day 9 vs. day 13 p.i.) (data not shown). Taken together, these results indicate that rIL-13 is not sufficient to restore lung function in ILC-depleted mice, suggesting that ILCs may employ IL-13-independent mechanisms to promote lung tissue homeostasis.
Intestinal ILCs express IL-22 and that IL-22-IL-22R interactions regulate intestinal immunity 7, 9, 26 . To test whether IL-22 influenced airway epithelial barrier function following exposure to influenza virus, infected wild-type mice were treated with isotype control or anti-IL-22 neutralizing mAb. Neutralization of IL-22 in infected mice resulted in similar rates of weight loss and decline in blood oxygen saturation levels compared to control mice ( Supplementary Fig. 5a ,b) and examination of lung pathology showed no apparent defect in the ability of infected mice to mount a hyperproliferative epithelial remodeling response ( Supplementary Fig. 5c ). Consistent with a recent report 33 , these data indicate that blockade of IL-22-IL-22R signaling does not substantially influence restoration of lung tissue homeostasis following influenza virus infection.
Wound healing genes are enriched in ILCs
To investigate potential mechanisms by which lung ILCs influence maintenance of airway epithelial integrity or restoration of lung tissue homeostasis, we performed genome-wide transcriptional profiling of lung-resident ILCs. CD90 + CD25 + lung ILCs and CD90 + CD4 + spleen LTi cells were sort-purified from the lungs or spleens of naïve C57BL/6 mice and mRNA isolated from these populations was then hybridized to Affymetrix GeneChips for genome-wide transcriptional profiling. Examination of the top 100 genes differentially expressed in lung ILCs compared to splenic LTi cells illustrated substantial differences between these two ILC populations (Fig. 6a) . Splenic LTi cells were characterized by high expression of CD4, CCR6, IL-23R and RORγt, in agreement with previous studies 7, 8 , while the top transcripts in the lung ILCs included the ST2 receptor IL1Rl1, IL-25 receptor IL-17Rb, and the cytokines IL-2 and IL-5 (Fig. 6b) . In addition, within the top 100 genes expressed in lung ILCs, there was striking expression of multiple genes associated with tissue remodeling, including genes encoding the extracellular matrix proteins decorin, asporin and dermatopontin as well as epidermal growth factor family members like amphiregulin (Fig. 6b) . Analysis of the differentially expressed genes between lung ILC versus splenic LTi cell populations using the Database for Annotation, Visualization and Integrated Discovery (DAVID) revealed a transcriptional signature of lung ILCs that was significantly enriched in pathways regulating wound healing, immune defense responses, inflammatory responses and cell proliferation ( Fig. 6c and Gene Set Enrichment Analysis (GSEA) was then employed to compare the gene expression signature of lung ILCs with previously reported models of lung damage or inflammation. Direct comparison of the lung ILC gene set with a previously published data set examining the effects of lipopolysaccharide (LPS)-induced acute lung injury 34 revealed enrichment of the transcriptional signatures of lung ILCs in the LPS-treated group compared to PBStreated controls, consistent with a signature of tissue damage and wound repair (Fig. 6d) . Further analysis of the transcripts which most contributed to the bias toward the LPS-treated group (denoted by the 'leading edge') revealed the presence of the gene amphiregulin (Areg). Thus, this epidermal growth factor, which was highly expressed in the lung ILC gene expression profile, is one of the strong "driver genes" in this enrichment pattern ( 
Amphiregulin restores lung function in ILC-depleted mice
Amphiregulin is a member of the EGF family of growth factors that has been implicated in regulating tissue remodeling and repair in the context of acute epithelial injury and asthma [35] [36] [37] . Quantitative qPCR analysis confirmed the microarray results demonstrating high expression of amphiregulin mRNA by lung ILCs compared to splenic LTi cells (Fig.  7a) . Further, stimulation of sort-purified CD90 + CD25 + T1-ST2 + lung ILCs with IL-2 and IL-7 in combination with IL-33 resulted in elevated production of amphiregulin protein compared to culture with IL-2 and IL-7 alone (Fig. 7b) . Analysis of lung parenchyma tissue in Rag1 −/− mice at 10 days post-influenza virus infection revealed a significant increase in amphiregulin mRNA (Fig. 7c ) and protein expression (Fig. 7d) compared to naïve controls, indicating that amphiregulin expression is upregulated in the lung following influenza virus infection and airway damage. Analysis of lung tissue from anti-CD90.2 treated mice revealed reduced amphiregulin mRNA in the absence of CD90.2 + ILCs (Fig. 7e) , indicating that lung ILCs are a major source of amphiregulin in vivo and that secretion of this protein may be one mechanism by which ILCs promote airway epithelial integrity and restore lung function.
To directly test whether delivery of amphiregulin could promote airway epithelial integrity and restore lung function following influenza virus-induced damage, recombinant amphiregulin was administered to anti-CD90.2 treated PR8-infected Rag1 −/− mice (Fig. 7f) . While IL-5 and IL-13 expression levels in the lung were not significantly altered following amphiregulin treatment ( Supplementary Fig. 6a,b) , mice receiving recombinant amphiregulin exhibited substantially higher mean body temperatures (Fig. 7g) and significantly improved lung function compared to anti-CD90.2 treated controls, reaching blood oxygen saturation levels comparable to isotype-treated mice at day 9 p.i. (78% vs 80%, respectively) (Fig. 7h) . Additionally, mice treated with recombinant amphiregulin exhibited diminished amounts of total protein present in the BAL fluid compared to anti-CD90.2-treated controls (Fig. 7i ) and histologic analysis of lungs from anti-CD90.2-depleted mice receiving recombinant amphiregulin revealed regions of epithelial cell hyperplasia and goblet cell proliferation (black arrows) within the bronchial airways indicating that recombinant amphiregulin treatment promoted restoration of airway epithelial integrity and lung tissue homeostasis (Fig. 7j-l) . Collectively, these data provide both in vitro and in vivo evidence implicating amphiregulin as one mechanism by which ILCs can promote tissue homeostasis following influenza virus infection.
Discussion
A number of studies have identified heterogeneous ILC populations in the murine and human intestine and implicated a role for these cell populations in regulating immunity and inflammation in the gut 4, 5 . The data presented in this report identify a population of ILCs constitutively present in the respiratory tract of humans and mice and demonstrate a novel function for murine lung ILCs in regulating airway epithelial barrier integrity and tissue homeostasis following influenza virus-induced pulmonary damage.
The ILC population in mice is remarkably heterogeneous and includes cell populations found in lymphoid and intestinal tissues that exhibit distinct developmental requirements and patterns of effector cytokine expression 4, 5 . In this report, we show that the development of lung-resident ILCs in mice is Id2-dependent and that these cells express a panel of cell surface markers characteristic of other ILC populations, including CD90, CD25, CD127 and T1-ST2. Furthermore, lung-resident ILCs produced IL-5 and IL-13 in response to IL-33 stimulation, but notably did not make high amounts of IL-22 or IL-17A following culture with IL-23. The cell surface phenotype and cytokine profile of these lung-resident ILCs indicate that they most closely resemble NHCs or nuocytes, cell types previously thought to be restricted to sites within the gut-associated lymphoid tissue and fat-associated lymphoid clusters 4, 5, 12, 13 . It remains to be determined whether ILCs in the murine respiratory tract constitute a defined subset of ILCs distinct from nuocytes or NHCs, or whether these ILC populations are developmentally related cells existing in multiple anatomical locations.
In humans, previous studies identified RORγt + ILC populations in the tonsils and Peyer's patches that share a phenotype and cytokine profile similar to mouse LTi cells and NKp46 + ILCs [23] [24] [25] [26] [27] . In this report, we provide the first identification of ILCs in the human respiratory tract and lung parenchyma. Human lung ILCs expressed CD25, CD127 and ST2 (IL-33R), indicating they are a nuocyte/NHC-like ILC. Therefore, like murine ILCs, human ILC populations exhibit heterogeneity in tissue distribution, phenotype and functional capacity. Examining other lymphoid and mucosal-associated tissues may lead to the identification of additional ILC-like cells and provide insight into the regulation of human ILC populations.
While previous studies have implicated NHCs and nuocytes in promoting T H 2 cytokinedependent anti-helminth immunity 4,5,12,13 , we identify a role for ILCs in repairing airway epithelial integrity and maintaining lung tissue homeostasis. Lung injury is a key feature of many diseases including viral infections such as influenza virus, but also COPD, ARDS, Sarcoidosis, asthma, allergy and others 16, 17 . However, the mechanisms involved in effective versus ineffective lung repair and tissue remodeling are poorly understood. The identification of lung ILCs as an important cell type regulating tissue homeostasis not only implicates a new hematopoietic cell type in orchestration of non-hematopoietic cell repair/ regeneration, but also reveals previously unappreciated functions for the ILC lineage.
Genome-wide transcriptional profiling revealed expression of a number of genes associated with wound healing and tissue repair by lung ILC including extracellular matrix proteins decorin, asporin and dermatopontin as well as epidermal growth factor family members like amphiregulin. Amphiregulin is expressed in multiple organs including the lung and has been shown to play critical roles in wound repair and tissue remodeling through promotion of epithelial cell and fibroblast proliferation in settings of cancer, acute epithelial injury and asthma 35, 36, 38, 39 . The demonstration that lung ILCs express high levels of amphiregulin, that depletion of ILCs results in loss of amphiregulin expression and that administration of amphiregulin to ILC-depleted mice following influenza virus infection can restore epithelial integrity and tissue repair, indicates that ILC-derived amphiregulin is one mechanism through which ILCs regulate lung homeostasis.
The T H 2 cell cytokines IL-5 and IL-13 have also been shown to mediate epithelial cell and goblet cell hyperplasia in the lung 31, 32, 40 . Although lung-resident ILCs were capable of producing high amounts of IL-5 and IL-13 in response to IL-33 stimulation, the administration of IL-13 failed to restore lung function or promote respiratory tissue remodeling in influenza virus-infected ILC-depleted mice, thus distinguishing the tissue repair functions of lung ILCs from other nuocyte and NHC populations that are reported to act primarily through IL-13-dependent mechanisms [12] [13] [14] [15] . It is currently unclear whether this difference indicates a minor role for IL-13 in the disease context examined here or additional heterogeneity in the functional diversity of ILC populations in the lungs. It is important to note that ILC-derived IL-13 might play a more prominent role in other airway disease contexts. For example, a recent report found a role for NHC-derived IL-13 using a different H3N1 influenza virus infection model that causes airway hyperreactivity early during infection 15 . In those studies, however, the NHC-produced IL-13 contributed to airway hyperreactivity suggesting that in some settings the type 2 cytokines produced by lung ILC populations might have detrimental effects.
The impact of lung ILC-derived cytokines and tissue remodeling proteins might depend on the pattern of lung injury (i.e. different pathogenesis of infectious or inflammatory disease) or other environmental factors. Nonetheless, the identification of a major pathway of tissue repair coordinated by lung ILCs suggests that these cells, and their products, could be targets for therapeutic manipulation in settings of lung infection, injury and chronic inflammation. Future studies are needed to fully characterize the different subtypes of ILCs that might exist in the respiratory tract. Comparison of the transcriptional profiles of the diverse ILC populations such as those presented here will be an important tool for elucidating the lineage relationships between RORγt-dependent LTi cells and RORγt-independent ILCs as well as highlighting biological features unique to these different cell types. In the context of lung inflammation and damage, it will be important to determine the extent of potential crosstalk between the epithelial repair pathways induced by IL-13 and the tissue repair/remodeling proteins such as amphiregulin expressed by lung ILC. It is interesting to note that IL-33, as a key product made by epithelial and immune cell lineages, can induce both IL-13 and amphiregulin production by lung ILCs, indicating that a degree of crosstalk exists between the damaged tissue and the ILC population that initiates the repair process.
In summary, the results presented in this report identify a previously unrecognized role for lung ILCs in promoting airway epithelial integrity and lung tissue homeostasis through production of the epidermal growth factor family member amphiregulin. In light of these new findings, targeting ILC responses in the airway and other tissues may offer new therapeutic potential in the clinical management of tissue damage or chronic inflammation.
Methods
Mice C57BL/6 wild-type (WT) mice and Rag1 −/− were purchased from the Jackson Laboratory. All mice were maintained in specific pathogen-free facilities at the University of Pennsylvania. All protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC), and all experiments were performed according to the guidelines of the University of Pennsylvania IACUC. Germ-free mice were maintained in plastic isolator units, fed autoclaved feed and water, and routinely monitored to ensure absence of microbial contamination. Generation of Id2-deficient mice and fetal liver chimeras have been described previously 41, 42 . For generation of Id2-deficient bone marrow chimeras, 10-20 × 10 6 bone marrow cells from Id2 +/+ or Id2 −/− fetal liver chimeras were transferred i.v. into irradiated hosts (900 RAD) of a different congenic marker. All chimeras were placed on antibiotic drinking water (Sulfamethoxazole and Trimethoprim, Hi-Tech Pharmacal Co.) for two weeks following irradiation and were allowed to reconstitute for 10 weeks prior to analysis.
Flow cytometry
Single cell suspensions were stained with a combination of the following monoclonal fluorescently conjugated antibodies: FITC-conjugated T1/ST2 (DJ8; MD Bioproducts). PEconjugated ICOS (7E.17G9), Sca-1 (D7), c-kit (2B8), NKp46 (29AI.4), Siglec F (E50-2440; BD Pharmigen). PerCP-Cy5.5-conjugated CD3 (17A2), CD5 (53-73), CD27 (LG.7F9), NK1.1 (PK136), TCRβ H57597, CD11b (MI/70), CD11c (N418), B220 (RA3-6B2). APCconjugated CD44 (IM7), c-kit (2B8), CD90.1 (HIS51). eFluor-450-conjugated CD127 (A7R34), CD45.1 (A20). PE-Cy7-conjugated CD25 (PC61.5). Alexa 700-conjugated CD90.2 (30-H12) and Ly6G (1A8; Biolegend). e-Fluor-780-conjugated CD11b (MI/70), CD11c (N418), TCRβ (H57-597), B220 (RA3-6B2), CD45.2 (104). PE-Texas Redconjugated CD4 (GK1.5; Abcam). All antibodies were purchased from eBioscience unless specified otherwise. For measurement of intracellular cytokine expression, stimulated cells were surface stained with a combination of the antibodies listed above, fixed and permeabilized using a commercially available kit (eBioscience), and stained with IL-5 APC (TRFK5; BD Pharmigen), IL-13-PE (eBio13A; eBioscience), IL-17A PE (TC11-18H10; BD Pharmigen), or IL22-02 (from Pfizer Inc.) conjugated to Alexa Fluor 647 according to manufacturer's instructions (Molecular Probes). For measurement of intracellular RORγt, cells were fixed, permeabilized and stained with RORγt PE (AFKJS-9; eBioscience) For all stains, dead cells were excluded from analysis by means of an Aqua viability stain (Invitrogen). Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (v9.2, Tree Star)
Isolation of cells from mouse lung tissue
Lungs were perfused with 10 ml PBS through the right ventricle of the heart prior to removal. Lungs were then cut into small pieces using scissors and digested with 1 mg/ml Collagenase D (Roche) in PBS for 30-45 min at 37 °C with vortexing every 10 min. Samples were mashed through 70 µm cell strainers, washed with DMEM media (supplemented with 10% FBS, 1% L-glutamine (GIBCO), 1% Pencillin/Streptomycin (GIBCO)), and any remaining red blood cells were lysed. Single cell suspensions were used for subsequent flow cytometry staining.
Analysis of human BAL fluid and lung
Human bronchoalveolar lavage samples were obtained as residual material from clinical procedures from nine patients undergoing routine surveillance bronchoscopies during the first year following lung transplant. Patients were on a regimen of immunomodulatory drugs following lung transplant, including tacrolimus and prednisone in addition to either mycophenolate or azathioprine. Use of human BAL samples for research purposes was approved by the University of Pennsylvania IRB and carried out in accordance with protocols for use of residual clinical material with waiver of consent.
Human lung tissue was obtained from cadaver organ donors in collaboration with the New York Organ donor network (NYODN, New York, NY). Consent was obtained for use of lung tissue from human cadavers for research purposes. Lung tissue was cut into small pieces with a curved scissor and subsequently incubated at 37 °C with shaking for 1 h in collagenase solution (1 mg/ml Collagenase D, 1 mg/ml Trypsin Inhibitor and 25 µg/ml DNAse I). The tissue was then mechanically dissociated using a gentleMACS Dissociator (Miltenyi Biotech) and strained with a wire mesh tissue sieve. Remaining connective tissue was then removed by passing the cell suspension through a syringe column fitted with glass wool. Lymphocytes were subsequently separated by centrifugation through Ficoll (LSM, Invitrogen).
For analysis of ILC populations, single cell suspensions of BAL fluid and lung parenchyma were stained with the following monoclonal antibodies for flow cytometric analysis: ST2 FITC (B4E6; MD Bioproducts), CD3 PerCP-Cy5.5 (SK7; BD Pharmigen, intracellular staining), CD11b APC (MI/70; eBioscience), CD19 eFluor 450 (HIB19; eBioscience), CD25 PE-Cy7 (M-A251) BD Pharmigen), CD56 Alexa Fluor 700 (CMSSB; BD Pharmigen), CD127 eFluor 780 (eBioRDR5; eBioscience), CD11c PE-Cy5 (B-ly6) BD Pharmigen) and TCRαβ PE-Cy5 (IP26; eBioscience), live/dead aqua stain (Invitrogen). Samples were acquired on a BD LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (v9.2, Tree Star).
RNA isolation and Real-Time Quantitative PCR
RNA was isolated from purified populations of CD90 + CD25 + lung ILCs, CD90 + CD4 + splenic LTi cells or B220 + splenic B cells, sorted using a BD FACSAria (BD Biosciences) cell sorter. RNA was isolated using RNeasy mini kit according to manufacturer's instructions (QIAGEN). cDNA was generated using Superscript reverse transcription (Invitrogen). Real-time quantitative PCR (qRT-PCR) was performed on cDNA using SYBR green master mix (Applied Biosystems) and commercially available primer sets (QIAGEN). Reactions were run on a real-time PCR system (ABI7500; Applied Biosystems). Samples were normalized to β-actin and displayed as a fold induction relative to expression seen in purified B cells (Id2 and Rorc) or naïve lung tissue (Areg, II5 and II13).
Cytokine ELISA
CD90 + CD25 + T1/ST2 + lung ILCs were sort-purified from the lungs of C57BL/6 mice using a BD FACSAria cell sorter. 2 × 10 4 lung ILCs were cultured in DMEM complete media in the presence of 10 ng/ml rmIL-7, 10 ng/ml rIL-2, and/or 30 ng/ml rmIL-33 (for measurement of IL-5, IL-13 and amphiregulin) or 50 ng/ml rmIL-23 (for measurement of IL-17A) for four days (all recombinant cytokines obtained from R&D Systems). Supernatants were collected after 4 days of culture. For measurement of amphiregulin in whole tissue, lung tissues from naïve or PR8 influenza-infected mice were homogenized in sterile PBS and centrifuged to remove cell debris. Measurement of IL-5, IL-13 and IL-17A were performed using commercially available ELISA kits (eBioscience). Amphiregulin was measured using DuoSet ELISA Kit (R&D Systems).
Influenza infection, antibody treatments and cytokine administration
For infections with PR8 influenza virus, C57BL/6 or Rag1 −/− mice were anaesthetized with 2.5% Avertin i.p. and infected with 0.5 LD50 PR8-GP33 virus (recombinant virus expressing the LCMV epitope GP33) in 25µl volume administered intransally. PR8-GP33 influenza virus was grown and titered as previously described 43 . The replication and pathogenicity of this recombinant PR8 strain was not substantially different from nonrecombinant virus 39 .
For monoclonal antibody treatments, anti-CD90.2 mAb (30H12) and anti-NK1.1 mAb (PK136) were purchased from BioXCell (West Lebanon, NH). Anti-IL-33R mAb (anti-ST2 clone 245707) was purchased from R&D Systems. Anti-IL-22 mAb (IL-22-01) was provided by Pfizer Inc. All mAb treatments were administered i.p. every 3 days at a dose of 200 µg/mouse starting on the day prior to infection.
For cytokine treatments, recombinant murine IL-13 or amphiregulin (R&D Systems) was administered i.p. every 2 days at a dose of 5-10 µg starting on the day of infection.
ILC adoptive transfer
1×10 5 Lin − CD90 + CD25 + T1-ST2 + ILCs were sort-purified from the lungs of naïve CD90.1 wild-type mice and transferred intravenously into anti-CD90.2 mAb-treated Rag1 −/− mice at day 0 and day 5 post influenza virus infection (0.5 LD 50 PR8).
Lung histological sections
Left lobes of lungs were perfused and fixed with 4% paraformaldehyde, embedded in paraffin, and 5 µm sections were used for staining with H&E.
Measurement of Pulse Oximetry
The MouseOxTM Pulse-oximeter (Starr Life Sciences) was used to measure blood SpO 2 in PR8-infected mice during the course of infection. A depilatory agent (Nair, Church & Dwight Co.) was applied to the neck of anesthetized mice 2 days prior to influenza infection to remove hair and delay future hair growth. For readings, the oximeter clip was placed on the neck and percent SpO 2 was measured each second over several minutes, data shown is average of SpO 2 readings recorded over 3-5 min per mouse.
Measurement of BAL fluid protein concentration
Bronchoalveolar lavage fluid was collected from naïve or PR8-infected mice using the following method. A small cut was made in the trachea and a thin tube was inserted. Lungs were lavaged using 500 µl PBS and fluid was immediately placed on ice. BAL fluid was spun down to pellet cells and cell-free supernatant was collected. Measurement of total protein was performed using a Micro BCA protein assay (Pierce Thermo Scientific) according to manufacturer's instructions.
Influenza virus quantification
Lung tissue was homogenized and RNA was isolated using RNeasy mini kit according to manufacturer's instructions (QIAGEN). cDNA was generated using MultiScribe reverse transcription (Invitrogen). Real-time quantitative PCR (qRT-PCR) was performed on cDNA using FAM/TAM system (Applied Biosystems). Primers and Taqman probe were generated that were specific for M1 protein of PR8-GP33 influenza virus. Reactions were run on a real-time PCR system (ABI7500; Applied Biosystems). Viral RNA concentration (ng per gram of lung tissue) in each sample was determined by comparison to a standard curve of PR8-GP33 virus RNA concentrations and converted to µl of virus per gram of lung tissue. The TCID50 of PR8-GP33 per µl of virus was determined with a plaque assay on MadinDarby canine kidney (MDCK) cell monolayers as previously described 39 . The TCID 50 per µl of virus was then multiplied by the µl of virus present in the lung tissue to determine the TCID 50 equivalence.
Microarray gene expression profiling
Lin − CD90 + CD25 + ILCs and Lin − CD90 + CD4 + LTi cells were sorted from the lungs (ILC) and spleens (LTi cell) of naïve C57BL/6 wild-type mice. Four biological replicates were collected, each consisting of 15,000-20,000 cells sorted from 6 pooled lungs (ILCs) or 10 pooled spleens (LTi cells) to > 97% purity. Cells were sorted directly into TRIzol LS (Invitrogen). mRNA was isolated, amplified, and hybridized to Affymetrix GeneChips (Mouse Gene 1.0ST).
Data Normalization and Differential Gene Expression Profiling
Affymetrix Power Tools software was used to process and quantile normalize fluorescent hybridizaiton signals using the Robust Multichip Averaging (RMA) method 44 . Transcripts were log 2 normalized and technical replicates were averaged for fold-change analysis. Using the ClassNeighbors module of GenePattern, genes were ranked by the signal-to-noise ratio and class-biased genes were identified by permutation testing 45 . Genes were considered differentially expressed if the fold-change was > 2, P < 0.05.
GO Enrichment Analysis
Differentially expressed genes (fold-change > 2) in both the naïve ILC and naïve LTi transcriptional profiles were uploaded to the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/) 46 , and Fischer's exact test was used to identify significantly enriched Gene Ontology (GO, http://www.geneontology.org) terms 46 . (Full list of enriched genes for specific GO terms listed in Fig. 6c available in Supplementary Table 1) .
Gene Set Enrichment Analysis (GSEA)
Gene Set Enrichment Analysis (GSEA) was performed using the Broad Institute program (http://www.broadinstitute.org/gea/index.jsp) as described previously 47 . Published gene expression arrays of whole lungs divided into either "control" or "LPS-treated" groups were downloaded from Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo/) 34 . The normalized enrichment score (NES) and q-value were calculated for enrichment of the top 100 differentially expressed genes from the ILC naïve data sets (as previously defined using the ClassNeighbors signal-to-noise ratio) between the publically accessible gene arrays (described above). (Leading-edge genes listed in Supplementary Table 2 .)
Statistical analysis
Results represent the mean ± SEM unless indicated otherwise. Statistical significance was determined by unpaired Student's t test. Statistical analyses were performed using Prism GraphPad software v5.0. (*,P < 0.05; **, P < 0.01; ***, P < 0.001). Data is representative of 2 independent experiments n = 3-4 mice per group. Data shown are the mean ± SEM. *P < 0.05, ** P < 0.01, *** P < 0.001.
